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The direct repeat region in Mycobacterium tuberculosis complex strains is composed of multiple direct variant
repeats (DVRs), each of which is composed of a 36-bp direct repeat (DR) plus a nonrepetitive spacer sequence
of similar size. It has been shown previously that clinical isolates show extensive polymorphism in the DR
region by the variable presence of DVRs, and this polymorphism has been used in the epidemiology of tuber-
culosis. In an attempt to better understand the evolutionary scenario leading to polymorphic DR loci and to
improve strain differentiation by spoligotyping, we characterized and compared the DNA sequences of the
complete DR region and its flanking DNA of M. tuberculosis complex strains. We identified 94 different spacer
sequences among 26 M. tuberculosis complex strains. No sequence homology was found between any of these
spacers and M. tuberculosis DNA outside of the DR region or with any other known bacterial sequence. Al-
though strains differed extensively in the presence or absence of DVRs, the order of the spacers in the DR locus
was found to be well conserved. The data strongly suggest that the polymorphism in clinical isolates is the
result of successive deletions of single discrete DVRs or of multiple contiguous DVRs from a primordial DR
region containing many more DVRs than seen in present day isolates and that virtually no scrambling of DVRs
took place during evolution. Because the majority of the novel spacer sequences identified in this study were
confined to isolates of the rare Mycobacterium canettii taxon, the use of the novel spacers in spoligotyping led

only to a slight improvement of strain differentiation by spoligotyping.

Bacterial isolates belonging to the Mycobacterium tuberculo-
sis complex group of bacteria show an unusually high degree of
conservation in housekeeping genes (19, 31). Because the mu-
tation frequency of M. tuberculosis is similar to that of other
bacteria, these observations have led to the speculation that
the M. tuberculosis complex isolates presently seen have
diverged from a common ancestor not more than 10,000 to
15,000 years ago (19). Much more DNA polymorphism in
M. tuberculosis complex bacteria has been found to be associ-
ated with repetitive DNA, such as transposable elements, and
short perfect or imperfect repeats (29, 32). Furthermore, the
establishment of the genome sequence of M. tuberculosis (5)
has led to the disclosure of variation in the presence of mul-
tiple regions carrying a variety of different genes (12).

The direct repeat (DR) locus is presently the only well-
studied single locus in the genome of M. tuberculosis showing
considerable strain-to-strain polymorphism (10, 14). This locus
is composed of multiple 36-bp DR copies, which are inter-
spersed by nonrepetitive short sequences of about equal length,
the so-called spacers (16, 18). Clinical isolates of M. tubercu-
losis and Mycobacterium bovis generally differ in the presence
or absence of one or more spacers and adjacent DRs. This
polymorphism has been exploited to distinguish M. tuberculosis
complex strains for epidemiological studies and to distinguish
the taxons within the group of the M. tuberculosis complex,
these being M. tuberculosis, M. bovis, M. microti, and M. canettii
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(9, 13, 15, 18, 22, 34, 37, 39, 40). The function of the DR locus
in M. tuberculosis is presently unknown. The apparent omni-
presence of this unusual region in M. tuberculosis complex and
the strong sequence conservation of the DRs and spacers
among clinical isolates may suggest a biological function of the
DR region for the host and that, due to a selective advantage,
this region has been maintained in the population. Although
no significant homology has been reported between the M. fu-
berculosis DR sequence and DNA of other bacterial genera,
loci with similar motifs composed of short repetitive and non-
repetitive sequences in other bacterial genera have been found
(1,4, 17, 20, 21, 24-26, 33). In Haloferax spp. the locus may be
involved in replicon partitioning (26), but in other organisms
the function has not been investigated.

Until now, DNA polymorphism in the DR locus has been
investigated only in M. tuberculosis complex bacteria (10, 14)
and in Streptococcus pyogenes (17). Isolates of M. tuberculosis
complex differ in the presence or absence of one or more dis-
crete DNA segments, each consisting of a DR plus the adja-
cent spacer, the so-called direct variant repeat (DVR). This sug-
gests that homologous recombination between neighboring or
distant DRs may lead to deletion of one or more discrete
DVRs (10, 14). A similar polymorphism among clinical isolates
was observed in the DR locus of S. pyogenes (17). Furthermore,
the DR region in M. tuberculosis has been identified as a hot
spot of integration of the insertion element IS6110 (10, 16),
and IS6110-associated polymorphism in the DR region has
been disclosed, also among outbreak strains (3, 10, 14, 23). To
elucidate the mechanism of genetic variation in the DR locus
and the evolutionary pathway of the DR locus in M. tubercu-
losis complex bacteria, we compared in this study the sequence
of the DR locus and its flanking DNA from a variety of dif-
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TABLE 1. Mycobacterial strains used for DNA sequencing

Strain

Original

“ . . Species Origin Accession no.“ Source or reference
no. designation
1 NLA009400768 M. tuberculosis Human AF189746/AF189747 This laboratory
2 NLA009400982 M. tuberculosis Human AF189748/AF189749 This laboratory
3 NLA000016314 M. tuberculosis Human (previously strain 103) AF189750/AF189751 Kremer et al. (22)
4 NLA009400319 M. tuberculosis Human AF189752/AF189753 This laboratory
5 NLA000016923 M. tuberculosis Human AF189754/AF189755 This laboratory
6 NLA009700584 M. tuberculosis Human AF189756/AF189757 This laboratory
7 NLA009401014 M. tuberculosis Human (previously strain 56) AF189758/AF189759 Kremer et al. (22)
8 H37Rv M. tuberculosis Laboratory strain, genome sequenced 781331 Cole et al. (5)
9 DR strain 86 M. tuberculosis Human Y14045NID Fang et al. (10)
10 DR strain 257 M. tuberculosis Human Y14047NID Fang et al. (10)
11 DR strain 149 M. tuberculosis Human Y14046NID Fang et al. (10)
12 DR strain 191 M. tuberculosis Human Y14048NID Fang et al. (10)
13 DR strain 93 M. tuberculosis Human Y14049NID Fang et al. (10)
14 CSU#93 M. tuberculosis Human, genome being sequenced B. B. Plikaytis
15 NLA009400303 M. tuberculosis Human AF189760 This laboratory
16 NLA009400116 M. tuberculosis Human AF189818/AF189761 This laboratory
17 NLA000016319 M. tuberculosis Human (previously strain 111) AF189762/AF189763 Kremer et al. (22)
18 TN4937 M. tuberculosis Human AF189819/AF189820 This laboratory
19 NLA009402008 M. tuberculosis Human AF189821/AF189822 Kremer et al. (22)
20 NLA0000000P3 M. bovis BCG Vaccine strain, The Netherlands X57835NID This laboratory
21 NLAOOOORussia M. bovis BCG Vaccine strain, Russia AF189823/AF189824 This laboratory
22 TMC401 M. bovis Bovine U47864NID Beggs et al. (2)
23 NLA009401854 M. bovis Bovine AF189825/AF189826 D. Brittain
24 NLA009502227 M. tuberculosis complex® Human AF189827 This laboratory
25 NLA000016240 M. microti Vole AF189828/AF189829 Van Soolingen et al. (36)
26 NLAO000017727 M. canettii Human (previously strain SO93) AF190853 Van Soolingen et al. (37)
27 NLA000013667 M. tuberculosis Human, patient 1 This laboratory
28 NLAO000013668 M. tuberculosis Human, patient 1 This laboratory
29 NLA009602019 M. tuberculosis Human, patient 2 This laboratory
30 NLA009602017 M. tuberculosis Human, patient 2 This laboratory
31 NLAO000017877 M. tuberculosis Human This laboratory
32 NLA009401835 M. tuberculosis Human This laboratory
33 Strain A M. bovis Human Blazquez et al. (3)
34 Strain B M. bovis Human Blazquez et al. (3)

“The complete DR regions of strains 1 to 26 were determined. Strains 27 to 34 comprise presumed isogenic pairs, and only part of the DR region was determined.

® Phenotype between M. tuberculosis and M. bovis.

¢ The sequences under two accession numbers were used to obtain the complete sequence of the DR locus.

ferent strains, including pairs of isogenic strains with different
spoligotypes. A second objective of this study was to improve
the degree of strain differentiation based on DNA polymor-
phism in the DR region of M. tuberculosis by spoligotyping. In
this method the whole DR region is amplified and labeled by
PCR using DR-specific primers and the presence of any of a
set of 43 different spacers is determined by hybridization of the
amplified DNA to 43 spacer oligonucleotides, which are co-
valently linked to a membrane (18). Spoligotypes are expressed
as the presence or absence of any of these 43 spacers. The
method allows a high throughput, and no cultured cells are
needed to differentiate strains (9, 30, 36, 40). A drawback of
the presently used method of spoligotyping is the limited dis-
criminative power, compared to other methods such as IS6110
fingerprinting (8, 13, 18, 22, 38, 39). The sequences disclosed in
this study to characterize the nature of genetic variation in the
DR locus allowed us to evaluate the novel spacers for their
potential for improved strain differentiation.

MATERIALS AND METHODS

Bacterial strains. Unless otherwise stated, all bacterial strains were clinical
isolates of M. tuberculosis complex. Table 1 presents the strains for which the
sequence of the DR region or part thereof was established. For spoligotyping, M.
tuberculosis complex strains were selected from an RIVM culture collection
comprising about 8,000 clinical isolates collected between 1993 and 1998. All
strains in this collection were typed by IS6110 fingerprinting, and those with less
than five IS6110 copies had been subtyped by polymorphic GC-rich sequence

(PGRS) typing (39). A part of the strain collection (ca. 1,000 strains) has been
spoligotyped as well. All M. tuberculosis complex strains, except the M. bovis
BCG strains selected for hybridization with the novel spacers derived in this
study differed in IS6170 restriction fragment length polymorphism (RFLP)
and/or PGRS RFLP.

Spoligotyping. Culture and DNA isolation from mycobacteria was done as
described previously (39). Spoligotyping using the previously published spacer
oligonucleotides was done as described earlier (18). The incubation conditions of
spoligotyping using the novel spacer oligonucleotides were slightly modified:
hybridization was done for 45 min at 45°C, followed by two posthybridization
washes for 10 min at 50°C and an incubation with strepavidin-peroxidase for 30
min at 42°C. All other conditions were as described by Kamerbeek et al. (18).
Spoligotype designations were assigned to any unique hybridization pattern with
the 43 different spacers used in traditional spoligotyping (18).

DNA sequence analysis. The published sequences of the DR region of M.
tuberculosis strains 8 to 14, M. bovis strain 22, and the partial sequence of strain
20, the BCG Pasteur strain P3, were used in this study (see Table 1). The DR
region sequences of all other strains listed in Table 1 were determined in this
study. Sequencing was done by using the fluorescence-labeled dideoxy nucleotide
technology using PCR products obtained by amplifying 0.1- to 3.0-kb fragments
of the DR region, purified with Qiaquick purification kits (Qiagen, Hilden,
Germany). For this purpose primer oligonucleotides were used based on se-
quences of DNA flanking the DR region in strain H37Rv (5), known spacer
sequences, and sequences of the IS6770 element. DNA sequencing was done
using an Applied Biosystems Instruments automatic sequencers (Models 373 and
377; Perkin-Elmer, Applied Biosystems Division). The sequences obtained were
assembled, edited, and analyzed with the DNAStar package (DNAStar, Inc.,
Madison, Wis.). The sequences derived in this study were deposited at GenBank;
for the accession numbers, see Table 1. Spacers were numbered according to
their location in the genome (Fig. 1). Because this numbering differs from the
previously assigned numbers in the study of Kamerbeek et al. (18), the old and
the new spacer designations are given in Table 2.
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FIG. 1. Genetic organization of the DR locus in 26 M. tuberculosis complex strains as follows: 1 to 19, M. tuberculosis; 20 to 23, M. bovis; 24, intermediate phenotype
between M. tuberculosis and M. bovis; 25, M. microti; and 26, M. canettii. The rectangles depict individual DVRs, which are composed of a DR and the adjacent spacer.
Except for the M. canettii strain, vertically aligned rectangles represent DVRs with identical spacers. The sequence of the DR part of the rectangles is identical, except
for those in gray. These differ in one or a few nucleotides from the consensus sequence. The hatched spacer in strain 2 differs in a single nucleotide from that in strain
1. The numbers at the top correspond to the spacer numbers listed in Table 2. The presence and the orientation of IS6/10 is depicted by an arrow. DNA flanking the
DR region is depicted by the bars at the left and at the right. The black parts of these bars depict the stretches that have been sequenced. The size of the DNA sequence
missing compared to strain 8 (M. tuberculosis H37Rv) is given in base pairs, after the triangle. DVRSs occurring twice in the DR region are depicted as rectangles marked
with a letter: a, a duplication of DVR 35 is present 3’ from spacer 45; b and c, duplicated DVRs 43 and 48, respectively, are present as tandem duplications.

RESULTS

DNA sequence analysis of the DR locus in M. tuberculosis, M.
bovis, M. microti, and M. canettii. The DNA sequence of the
complete DR region was determined for 12 M. tuberculosis
strains, 2 M. bovis strains, 2 M. bovis BCG strains, 1 M. microti,
and 1 M. canettii strain. Furthermore, we sequenced a few
hundred base pairs of the DNA flanking the DR region on
either side. The results are summarized in Fig. 1, together with
the previously published sequences of seven M. tuberculosis
strains and one M. bovis strain. The size of the DR region
varied from six DVRs for M. microti 19 to 56 DVRs for M.
tuberculosis 1. Except for three spacers, all spacers were found
only once in the DR locus. Spacer 35 was duplicated as a part
of a DVR in all four M. bovis strains (strains 20 to 23) and in
three M. tuberculosis strains (strains 6, 7, and 14). This dupli-
cated spacer was separated from spacer 35 by six DVRs and
was invariantly located adjacent to spacer 41 (see Fig. 1). The
two other duplicated spacers (spacers 43 and 49) were present
as tandemly duplicated sequences. Spacer 43 was duplicated in

both M. bovis BCG strains (strains 20 and 21), and spacer 49
was duplicated in one BCG strain (strain 20). Virtually no
interstrain variation in the sequences of spacers was observed.
Only one spacer, spacer 56, present in M. tuberculosis strain 2
differed by a single nucleotide from the corresponding spacer
in strain 1 (depicted by a hatched rectangle in Fig. 1; see also
Table 2). A small degree of intrastrain sequence variation was
found among the DRs. In six DVRs we encountered DRs with
single-base-pair mismatches from the consensus sequence.
Furthermore, the DR in DVR26 lacked four residues (Table
3). Probably DVR26 has been deleted because the adjacent
spacer (spacer 25) is only 25 bp long, which is shorter than any
other DVR (see Table 2). Interestingly, in all strains carrying
mutant DRs, these mutant DRs invariably were present at the
same location within the DR region.

For simplicity we numbered the DVRs and spacers accord-
ing to their position in the DR locus, starting with number one
at the left. Ninety-four different spacers were found among the
26 strains. Thirty-seven of these were not reported previously.
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TABLE 2. List of spacer sequences in M. tuberculosis complex
Previous Previous
Spacer no.  designation Spacer sequence” Spacer no.  designation Spacer sequence”
(ref.18) (ref.18)

1 TTAAAACCGTGTTGCACTGCAACCCGGAATTCTTGCAC 48 GCGAGGAACCGTCCCACCTGAGCCTGCCCCCAGCGG

2 1 CATAGAGGGTCGCCGGCTCTGGATCACGCTCCCCTAGTCGT 49 TCAATAACACTTTTTTTGAGCGTGAGCGGTTGAGAGT
39 2 TTTTTGCCTCATGCTTGGGCGACAGCTTTTGCCAA 50 ACGGAAACGCAGCACCAGCCTGACAATCTTATTCTCGC

4 3 TCGCAAGCGCCGTGCTTCCAGTGATCGCCTTCTA 51 37 ATTTTGAGCGCGAACTCGTCCACAGTCCCCCTITCAG

5 TCGCGGCGCGGCATGGCACGACAGGCGTGGCTAGRSG 52 38 GCCCCOTGAATGGCGGATGCATTGTACGCAAGT

6 ATGTGCGCCGTCGCCGTAAGTGCCCCACGGCCCGT 53 39 CCGACGATGGCCAGTAAATCGGCATGATAACCGATCCGG
7 ATTTCGACGACAATTCGTTGACCACGAATTTTCAGA 54 CCTCGCAGAAAAGGGCATCGATCATGAGAGTTGCGITGAT
8 ACATCCCACGCGTTACORCTGGCGCGCATCATICATCGA 55 AATGCTGGCGACGATTTTCGCTGTTGTGGTTCICATT

9 CCATATCGGGGACGGCGACGCTGCGAGAGGACACGCCGA 56° GCACACCAGCACCTCCCTTGACARTCCGGCAGATCAGAC
10 TACACCACGC@TCGTGCCATCAGICAGCGTCCTCCTC 57 TCGCGGGCTCTGGCCTAAGGAIGCTGACTTCGCCTGTA
11 TTGAACACGGAGCCGTGCACATGCCGTGGCTCAGGGGT 58 CCGACGACGAGCAGCGGCATACAGAGCCACGGATACGCCAG
12 4 AACACCTCAGTAGCACGTCATACGCCGACCAATCATCAG 59 TTGCATCCACTCGTCGCCGACACGGCGGACTTCCGCGA
13 5 TTTTCTGACCACTTGTGCGGGATTAGCGGGCTTAG 60 TGGTAATTACGTCACGAGCGCCTGGCGGGCCGATT

14 6 ACCAATGCGTCGTCATTTCCGGCTTCAATTTCAGCCT 61 ACCATCCGACGCAGGCACCGAAGTCGATGACAAGCC

15 7 CTGAGGAGAGCGAGTACTCGGGACTAAGTCTGCGCTG 62 40 TAGTACGCCATCTGTGCCTCATACAGGTCAAGTGCCCT
16 ACGACGTTAGGGCATGCAGTATGCCGTCCCCGTTTTTGA 63 41 CTGACGGCACGGAGCTTTCCGGCTTCTATCAGGTA

17 TGCTCTTGAGCAACGCCATCATCCGGCGCCGCAGCTCCGC 64 2 CCTCATGGTGGGACATGGACGAGCGCGACTATCGGG

18 8 GCGTGAAACCGCCCCCAGCCTCACCAGGCCGCCTAG 65 43 TGGACGCAGAATCGCACCGGGTACGGAAGSTGCAGCA

19 9 ACTCGGAATCCCATGTGCTGACAGIGGATTCGCAT 66 GCATATCGCCCGCCACACCACAGCCACGCTACTGCTCCAT
20 10 CGGGCAGCGTTCGACACCCGCTCTAGTTGACTTCEG 67 ACACCGCCGATGACAGCTATGTCCGAGTGACATCCTCCCA
21 11 CAGGTGAGCAACGGCGGCGGCAACCTGAGGCCACGGGTCG 68 TTGAACCGCCCTTCGCGCAITGTTTCGACCATACCCGA
22 12 ATGGGATATCTGCTGCCCACC CTGTCCGAG 69 TTGGAGGTGTCQTTGCATTCGTCGACTGCGTGGTATT
23 13 TTCGTCGACCATCATTGCCATTCCCTCTCCEACGT 70 ATGCCCGCTGGTAGCGGCCCOBGCEGCGCCGAGAR
24 14 TTGCGCCAACCCTTTOGR >GGCTCGG 7 TTGGTGATCTTCCATGACTTGACGCCCTTGACCGCGAT
25 15 CTTGAATAACGCGCAGTGAATTTCG GGA 72 GCGGTGCTCGATGCGGCCACTAGECCGCGGCCAACTCGG
26 16 ATTCGCACGAGTTCCCGTCAGCGTCGTAAATCGCCA 73 TCGGTGCTGACCCCATGGATGCGAAGCGTAGACCTCTGT
27 17 CCGGCAACAATCGCGCCGGCCCGCGCGGATAACTCCG 74 CAACAAGGTCTACGC@TCGAGGTCCACGGCTCAGAA

28 18 CGCATGGACCCGGGCGAGCTGCAGATAESTCCGGGAG 75 ATGTGGCGATTACGCCTGATCAGGCGAAGACGA

29 19 TGGATTGCGCTAACTGGCTTGGCGCTGATCCTGATS 76 TTCAGTAAATTGCAGCGACGGGCGAATCCAGCAACC

30 20 TCCACATCGATTTCCTMTGACCTCGCCAGGAGAGAAGATCAC 77 CTTCAACGACGCTGTATTGGGCCATGTGGGCTGGTCTTTCA
31 21 TCGTCGACGATCGCGICGATGTCGATGTCCCAATCGTCGA 78 AGCAGCATGGACGGTTTCGCCTGTATCCGGGTAAAAAA
32 22 TTGGAGCGTGTCACCGCAGACGGCACGATTGAGACAA 79 TCGATGGCGGCGCGGTTGCGGATATGATGRTCGCGTAGC
33 23 CCTCAGCTCAGCATCGCTGATGCGATCCAGCTCAICCGT 80 TTGGCGTACATAGCGAGCTGIGCGGCAGTAGAGTGCGG
34 24 CCAACCTCACCGCCTGCTGGGTGAGACGTGCTCACGCGA 81 CTTCGATTGTGCOGCCGCGGGTTTCATTCAC
35 25 TCGGGGAGCCGATCAGCGACCACCGCACCCTGTCA 82 TCCCCGGGCT TCGTAGTCGCCTAAT
36 26 CTTCAGCACCACCATCATCCGGCGITCAGCTCAGCAT 83 CCTTGCCAAGGGAGGTGCTGGTGTACTTATGCCTAACAG
37 27 CCTTCGACGCCGGATTCGTGATCTCTTCCCGCGGATAG 84 TAGTTGACGCCAAATGTTTGGACTGTGATCAATTCAA
38 28 TGCCCCGGCGTTTAGCGATCACAACACCAACTAATG 85 GCTTGACAATGCGGITGTCGCGCGCCTTTTICCAGCCGAG
39 29 CAGCGARATACAGGCTCCACGACACGACCACAACGC 86 GTGTGTTTCAACGGGTTTCAGTTTTCTTATCCCAGTG
40 30 TCTTGACGATGCGGTTGCCCCECGCCCTTTTCCAGCC 87 ACTGGTTGTTGCCCGACGACGGCGGCGGTTGGAGTGTC
41 31 AGGTTCGCGTCAGACAGGTTCGCGTCGATCAAGTCCG 88 CATCCAGAGGTCGAAGTGAIGTTCGGTGTTCTCCTGIAC
2 32 TTTATCACTCCOGACCAAATAGGTATCGGCGTGTTCAA 89 TTCTGCGCGGCGATCCGGICATGACGAGCCCGCAG
43 33 TCGACACCGACATGACGGCGATGCCGCACTTGACGCA 9% ATCACGACACGGCCTGATCGATGTCGGTGGCGGCAAGTCGTCAGA
4 34 CTTTGCGAAGTCACCTCGCCCACACCGTCGAAGCGCCT 91 CAGAAGGGTAGCGTCGGOCGGATTGTCTGACCCAC
45 GCGGATGGTGGGCAAGTTGGCGCTGGGGTCTGAGTCAA 92 CATCGAACAAGCGCGCGTCGGCTAAGCACGCGTCTGTCAA
46 35 CTGCATCCGGAAAGTCCGTACGCTCGAAACGCTTCCAAT 93 TCTCCGTGATAGGTGAGEACCACCGAATCACCATCA
47 36 TCGAAATCCAGCACCACATCCGCAGCTGCGGCATGCTCCCGAA 94 TC TTCTGCCGGTGCGCGGGTTTGTGTCT

“ Bold sequences used for oligonucleotide probes in spoligotyping.

b The previously published sequence (18) contained a C at residue 17 erroneously.
¢ The previously published sequence (18) contained two errors at residues 13 and 14 (both were A).
4 This spacer is polymorphic at position 21. Strain 1 is as shown, and strain 2 has a C at this position.

Twenty-six of the novel spacers (spacers 69 to 94) were present
only in M. canettii. The remaining 11 novel spacers were all
found in M. tuberculosis 1, and nine of these spacers were
present in only one other strain, M. tuberculosis 2. M. tubercu-
losis strains 1 and 2 are exceptional because of the presence of
only a single copy of IS6770. The four M. bovis strains inves-
tigated differed from all M. tuberculosis strains in the presence
of spacer 44 and in the absence of 16 spacers (spacers 53 and
54 to 68). These data confirm the previously observed M. bovis-
characteristic signature in the DR region (18). The most re-
markable finding is the strong conservation of the order of the
DVRs in the various isolates. As depicted in Fig. 1, the poly-
morphism in the DR region appears to comprise mainly the
presence or absence of single, discrete DVRs or stretches of
contiguous DVRs. Except for the duplication of DVR35, no
scrambling of DVRs appears to have taken place during the
evolution of the DR region.

The DNA flanking the DR locus in most strains was iden-
tical to that in M. tuberculosis H37Rv (strain 8 in Fig. 1). Seven

strains lacked 3- to 6-kb stretches 5’ or 3’ of the DR region. In
all seven strains lacking DR-flanking DNA, 1S6110 was either
directly adjacent to the flanking DNA or 1S6110 was absent
from the DR region, suggesting the involvement of this inser-
tion element in the deletion of chromosomal DNA. The DNA

TABLE 3. Variation in DR sequences

Sequence”

DVR type

.GTCGTCAGACCCAAAACCCCGAGAGGGGACGGAAAC
---TCAGACCCAAAACCCCGAGAGGGGACGGAAAC
GTCGTCAGACCCAAAACCCCGAGSBCGGAAAC
GTCGTCAGACCCAAAACCCCGAGAGGHESMIG
GTCGTCAGAJBAAACCCCGAGAGGGGACGGAAAC
GTCGTGGACCCAAAACCCCGAGAGGGGACGGAAAC
.GTATCAGACCCAAAACCCCGAGAGGGGACGGAAAC
DVRGS.......coviiiinn GTCGTCAGACCCAAAMTGAGAGGGGACGGAAAC

Consensus sequence ..
DVR26..
DVR31..
DVRA47..
DVRS0..
DVRG6S..

“ Polymorphisms are indicated in boldface.
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FIG. 2. Rearrangements in the DR locus of presumed isogenic variants. (A) Spoligotype of each of the five isogenic pairs determined by using the standard 43
spacers as a probe; the boxed areas have been sequenced and are depicted in panel B. (B) Arrangement of DVRs as determined by DNA sequencing; the numbers
correspond to the spacer numbers as given in Fig. 1. Black rectangles depict DVRs that are present; gray rectangles represent DVRs that are absent. Numbers
correspond to DVR numbering as shown in Fig. 1. The arrow represents the insertion element IS6770. Strain numbers are depicted on the left. a, b, and d, tandem
duplications of DVR43; DVR48, and DVR21, respectively; c, a duplicated copy of DVR4 is located directly to the right of DVR19.

flanking the 3’ side of the DR region in the M. canettii strain
shared no similarity with the sequence of H37Rv. Interestingly,
this DNA was found to share 80% identity to the insertion
element I1S7096 from M. smegmatis (25). Strain 24 was the only
other strain lacking sequences in the 3’-flanking region. This
strain could not be classified as any of the known M. tubercu-
losis complex species because it shared biochemical character-
istics of both M. tuberculosis and M. bovis. This may suggest
that this strain belongs to a distinct, as-yet-unrecognized taxon
within the M. tuberculosis complex group of bacteria. Because
the origin of DRs and spacers in the DR region is unknown, we
checked the GenBank database for sequences homologous to
the DR and all of the spacers. No significant sequence simi-
larity was found.

Rearrangements in the DR locus of presumed isogenic vari-
ants. To investigate the nature of the rearrangements in the
DR region, we attempted to collect isogenic strain pairs that
differ in the DR locus. Only a single set of true isogenic strains
was available. This set comprised the two M. bovis BCG strains
investigated in this study. The Russian BCG strain, strain 21,
differed from the Pasteur vaccine strain, strain 20, in the ab-
sence of a duplication of DVR49 as described above (Fig. 2).

Unfortunately, we have been unable to derive in the labo-
ratory subcultures which differ from parental strains in the DR
region. Therefore, we have analyzed pairs of strains which are
very likely to be isogenic, either because they were isolated
during in a single outbreak or because they originated from the
same patient. The results of partial sequencing of the DR
region of these strains are depicted in Fig. 2. M. tuberculosis

strains 27 and 28 were isolated from two different body sites of
a 76-year-old tuberculosis patient, who probably reactivated
from an infection acquired early in life. The IS67110 RFLP
patterns of these isolates are related because 10 Pvull 1S6110-
containing restriction fragments are shared among the 12
IS6110 fragments in strain 27 and the 14 fragments in strain 28
(41). We assume that early in life the patient has been infected
with a single strain and that the long period of dormancy al-
lowed DNA rearrangements to take place. Strain 27 differed
from strain 28 by the absence of 8 spacers in spoligotyping (Fig.
2A). Sequencing showed these two that strains differ in the
absence of exactly nine discrete DVRs, of which eight are used
in traditional spoligotyping using the set of 43 spacer probes
(Fig. 2B). The third pair of strains comprised M. tuberculosis
strains 29 and 30, isolated from a 73-year-old Dutch patient.
These strains have identical 1S6770 RFLP patterns (showing
the presence of eight IS6110 copies) but differ in a single spac-
er in spoligotyping. Sequencing showed that strain 30 differed
from strain 29 in the absence of a single DVR, DVR23. The
fourth presumed isogenic pair comprised M. tuberculosis strains
31 and 32, isolated from two Somali immigrants, who prob-
ably were epidemiologically linked, although this link could
not be confirmed by traditional contact tracing. Both strains
have identical IS6710 RFLP patterns (showing 13 IS6110 cop-
ies) but differed in a single spacer reaction by spoligotyping.
Sequencing showed that strain 31 differed from strain 32 in
the presence of two DVRs, which are tandem duplications of
DVR21. Finally, we investigated M. bovis strains 33 and 34,
isolated during an epidemic of multidrug-resistant tuberculosis
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in Spain (3). These two strains differ in a single 1S6710-con-
taining restriction fragment and in a single spacer reaction by
spoligotyping (Fig. 2A). Sequencing showed that strain 34 dif-
fered from 33 in the presence of a copy of IS6110 in the DR of
DVR40 (Fig. 2B). We conclude that this insertion prevented
amplification of DVR40 during the PCR and thus resulted in
the apparent absence in the spoligotype pattern.

Although there is no direct evidence that four of the five
strain pairs investigated are true isogenic pairs, the nature of
the genetic variation found in the DR loci is consistent with
this assumption. In four of the strain pairs the genetic rear-
rangements can be explained by a single genetic event com-
prising either the insertion or the deletion of a single, discrete
DVR or a set of contiguous DVRs. In the remaining pair the
variation is also explained by a single genetic event, namely,
the insertion or deletion of IS6710 in the DR region.

Strain differentiation of M. tuberculosis complex strains by
using novel spacers. We investigated whether the degree of
strain differentiation would be improved by typing using more
spacers than the 43 spacers used in standard spoligotyping as
described by Kamerbeek et al. (18). For this purpose we spo-
ligotyped M. tuberculosis complex strains using the standard
set of 43 spacers plus the 51 novel spacers. We analyzed 170
clinical isolates of M. tuberculosis complex. All of these isolates
had previously been fingerprinted by IS6110 and, when fewer
than five IS6110 copies were present, the PGRS subtypes were
also known. Group 1 comprised 65 M. tuberculosis strains har-
boring a single IS6110 copy or only two IS6110 copies. Such
strains are known to be hard to differentiate by 1S6710 finger-
printing (32). By traditional spoligotyping these strains were
differentiated into nine spoligotypes. By using the novel
spacers, 23 strains were further subtyped, and the number of
different hybridization patterns increased to 20 (Fig. 3).
Interestingly, the group 1 strains displayed a characteristic
spacer signature in the region of spacer 37 to 48 (Fig. 3).

Group 2 strains comprised 26 M. tuberculosis strains that
were selected because their spoligotypes corresponded to the
most frequently encountered four spoligotypes among patients
in The Netherlands. None of these strains were subdivided
with the novel spacer set (Fig. 3).

Group 3 strains comprised 35 M. tuberculosis strains, which
hybridized with relatively few spacers from the old set of 43 in
standard spoligotyping. Fifteen of these strains were of the
spoligotype, which is characteristic for strains of the Beijing
genotype (38). By using the novel spacers only a single strain
among the 35 strains tested was further differentiated (Fig. 3).
Therefore, the use of additional spacers in spoligotyping led to
a marginal increase in the level of strain differentiation. Com-
pared to spoligotyping, I1S67/10 fingerprinting differentiated
better for the strains harboring multiple IS6770 copies, and
among the low-copy strains spoligotyping differentiated the
strains slightly better.

A group of 38 M. bovis strains was investigated. M. bovis
usually harbors only one or a few copies of 1S6710, and there-
fore such strains are notoriously difficult to differentiate (6).
The most common spoligotypes among M. bovis isolated in
The Netherlands are the types 120 and 121 (unpublished ob-
servations). Therefore, we included 34 strains with these two
spoligotypes for testing with the additional 51 novel spacer
probes (Fig. 3). Seven M. bovis strains were subdivided, and the
number of types increased from four to eight. Thus, similar to
the low-1S6110-copy M. tuberculosis strains, the novel spacers
contributed significantly to improving the strain differentiation
of M. bovis.

The two M. microti strains shared the six spacers character-
ized by sequencing one strain. The other one contained, in ad-
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dition, 15 other spacers (Fig. 3). Finally, we investigated three
M. canettii strains, isolated in France, The Netherlands, and
Switzerland (28, 37). All of these strains displayed a hybridiza-
tion pattern identical to that of the 94 spacer probes. These
strains did not share any spacers with those found in the other
M. tuberculosis complex strains (Fig. 3).

DISCUSSION

In this study we compared the sequence of the complete DR
locus and the bordering DNA in 26 M. tuberculosis complex
strains in an attempt to better understand the mechanisms
underlying the genesis and evolution of these peculiar genetic
elements with unknown function. The size of the DR locus
varied from 6 DVRs (0.6 kb) to 56 DVRs (6 kb), and both
spacers and DRs showed little sequence interstrain variation.
The most remarkable finding is the strong conservation of the
order of the various DVRs among the strains. We did not find
a single strain in which the order of the DVRs differed. This
indicates that during evolution individual DVRs did not move
within the DR region. In addition, the individual DRs also do
not seem to move because the six single DRs, which varied
slightly from the consensus sequence, were all found at the
same position within the DR region. Except for occasional
insertion-element-driven polymorphisms, we found that the
major type of polymorphism comprised the presence or ab-
sence of single, discrete DVRs or stretches of contiguous
DVRs. The data suggest that the DR loci in the clinical isolates
we see today are the remnant of a primordial DR locus, which
was composed of a large number, perhaps hundreds, of differ-
ent DVRs. The most likely mechanism underlying the strain-
to-strain variation is the successive deletion of single or mul-
tiple discrete DVRs from this archetypal DR region. We also
observed a few rare duplications of discrete DVRs, mostly as
tandem duplications. These deletions and duplications proba-
bly have been mediated by homologous recombination be-
tween neighboring or distant DRs and/or by slippage during
DNA replication. The rearrangements observed in presumed
isogenic strains are consistent with this view. These strains
differed in the presence or absence of a single discrete DVR or
a stretch of contiguous DVRs and the presence or absence of
1S6110 at an uncommon site in the DR region. These obser-
vations are consistent with the evolutionary scenario recently
proposed by Fang et al. (10) for a closely related group of
M. tuberculosis strains isolated from different geographic areas.
In this scenario strain variation was thought to be due to
the deletion of discrete DVRs in the DR region and due to the
transposition of 1S6110.

In some of the strains we observed deletions in the DNA
flanking the DR region. In these strains DVRs were missing
DVRs, which in other strains were present at the left or the
right border of the DR locus (see Fig. 1). This indicates that
the deletions in DR flanks took place concurrently with dele-
tion of the DVRs, which normally delimit the DR region. The
lack of the IS6110 element in these strains strongly suggests
that these deletions were IS6770 mediated. These observations
are consistent with the idea of a primordial DR locus in which
successive deletions led to the presently observed genetic vari-
ation.

Although variation by deletion from a primordial DR locus
seems the easiest explanation for the genetic variation in the
DR locus of present-day strains, the genesis of the hypothetical
primordial DR locus remains enigmatic. Presently, the com-
plete genome sequence of two M. tuberculosis strains is known.
We have searched these genomes for sequence similarity with
any of the 94 different spacer sequences, but except for se-
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quences within the DR locus no significant sequence similarity
was found. Therefore, it seems unlikely that in the present-day
strains novel spacers in the DR locus are generated from a
template of existing sequences elsewhere in the mycobacterial
genome. At one time the DR perhaps had the capacity to
multiply by replicative transposition or retroposition within a
nonessential region of the genome. However, at present no
examples in nature are known by which short pieces of DNA
are duplicated in such a way that the repeats become separated
by similarly sized nonrepetitive intervening sequences. Perhaps
the DVRs evolved from directly repeated DNA without inter-
vening spacer DNA. These repeats could have acquired a bio-
logical function, such as replicon partitioning, as has been found
in Haloferax spp. (26). When the selective force was imposed
on repeat length and part of the specific repeat sequence, such
repeats could have diverged to the present-day DVR elements
with a constant part and a variable part. It should be noted that
in bacterial plasmids repeats have been identified which are
involved in the regulation of replication and plasmid compat-
ibility. These repeats or “iterons” have sizes similar to those of
the DVRs, and also some sequence variation is found within
the iterons on a single plasmid (7). The number of iterons per
cell determines the copy number and stability. Perhaps DVRs
have evolved from repeats with a similar function as iterons in
plasmids.

Previous studies have revealed the existence of 57 different
spacers. Forty-three of these have been used in standard spo-
ligotyping for strain differentiation of M. tuberculosis complex
isolates on the basis of the strain-dependent presence or ab-
sence of these spacers (18). In this study we disclosed 37 novel
spacer sequences. The majority of these, 26 sequences, were
found in M. canettii, a recently described taxon within the
M. tuberculosis complex group of bacteria (37). M. canettii
shared not a single spacer with other M. tuberculosis com-
plex strains, and none of the M. canettii spacers were found
in other M. tuberculosis complex strains. Thus, the DR locus in
M. canettii differs greatly from the DR loci in other members of
the M. tuberculosis complex. This difference confirms previous
observations showing that M. canettii differs in many respects
from the other species in this group of mycobacteria, such as
the presence of multiple mutations in certain housekeeping
genes, multiple chromosomal deletions, and differences in the
cell wall composition (37). Other than the large number of
M. canettii-specific spacers, we disclosed 11 novel spacer se-
quences in M. tuberculosis and M. bovis. The use of these novel
spacers for strain typing improved the degree strain differen-
tiation, in particular of strains harboring few IS6110 copies.
From the very first publications on spoligotyping it has ap-
peared that strains with certain spoligotypes are polymorphic
when analyzed by other genetic markers such as IS6710 (13, 18,
22). In this study we have confirmed that strains with certain
common spoligotypes encountered among clinical isolates of
M. tuberculosis have an identical or almost identical DR re-
gion sequence in spite of their unrelated IS67/70 and PGRS
RFLP patterns. This indicates that the DR region remained
unchanged during a long period of time during which genetic
rearrangements took place at other chromosomal loci. Three
mutually nonexclusive explanations are possible: (i) the DNA
arrangement of the DR region in these strains is frozen be-
cause of an unknown structural property of the specific DR
region sequence or because of a poor ability in homologous
recombination or slipped strand mispairing during replication;
(ii) the specific sequence of the DR region in these strains
provides them with a selective advantage and therefore vari-
ants with DVR rearrangements do not persist in the popula-
tion, or (iii) these strains acquired the DR region from other
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strains by horizontal DNA transfer. The latter possibility seems
unlikely because other studies suggest that the population
structure of M. tuberculosis is clonal rather than panmictic (11,
22). Furthermore, certain spacers in M. bovis and M. canettii
were not found in M. tuberculosis, suggesting the absence of
lateral transfer of DVR sequences. Presently, it is impossible
to distinguish between the first two possibilities because the
function of the DR region in M. tuberculosis is unknown and we
have not been able to derive M. tuberculosis mutants with a re-
arranged DR region in the laboratory. The only bacterial spe-
cies in which a function of a DR-like region has been proposed
is Haloferax spp., in which the number of repeats seems to be
involved in replicon partitioning (26).

In this study we confirmed the existence M. tuberculosis
strains which are genetically divergent as measured with mark-
ers such as IS67110 and PGRS and which even so have an
identical DR region. This observation complicates the use of
spoligotyping for epidemiological analysis. Ideally, polymor-
phic genetic markers should have molecular clocks with equal
paces for different strains. Our study strongly suggests that
large differences among M. tuberculosis strains exist in the pace
of the molecular clock of the DR region. Strains with spoligo-
types such as type 38 often exhibit very different IS6770 RFLP
patterns, although their spoligotypes are identical, indicating
that molecular changes due to the mobility of IS6710 is quicker
than that of rearrangements in the DR locus. We found the
reverse situation in strains with a single or few IS6110 copies.
In such strains the insertion element seems to be “frozen,”
whereas they do exhibit DR-associated DNA polymorphism.
The apparent strain-dependent pace of different molecular
clocks of the various genetic markers used in the epidemiology
of tuberculosis underlines the point that great care should be
taken in the interpretation of strain typing in particular when
only a single genetic marker is used.
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